Tetracycline is one of a group of drugs known to induce microvesicular steatosis. In the present study, we investigated the effects of tetracycline on gene expression in mouse liver, using Applied Biosystems Mouse Genome Survey Microarrays. A single oral dose of 0.1 or 1 g/kg tetracycline was administered to male ICR mice, and liver samples were obtained after 6, 24, or 72 h. Histopathological evaluation showed microvesicular steatosis in the high-dose group at 24 h. In total, 96 genes were identified as tetracycline-responsive. Their level of expression differed significantly from controls (two-way ANOVA; p < 0.05), after adjustment by the Benjamini-Hochberg multiple testing correction, and displayed a twofold or greater induction or repression. The largest groups of gene products affected by tetracycline exposure were those involved in signal transduction, nucleic acid metabolism, developmental processes, and protein metabolism. The expression of genes known to be involved in lipid metabolism was examined, using two-sample Student's t-test for each treatment group versus a corresponding control group. The overall net effects on expression of lipid metabolism genes indicated an increase in cholesterol and triglyceride biosynthesis and a decrease in β-oxidation of fatty acids. Our data support a proposed mechanism for tetracyclineinduced steatogenic hepatotoxicity that involves these processes. Moreover, we 
INTRODUCTION
The observation of toxicity in animals or of adverse reactions in humans are compelling reasons for terminating a drug's development, as well as for post-marketing withdrawal.
Among the toxic side effects seen in animal testing and in clinical trials, hepatotoxicity is the principal cause of termination for safety reasons (Ballett, 1997; Lumley and Walder, 1987a, b) . Animals that are frequently used in toxicity tests are not fully predictive of the response in humans due to species variation in physiology, anatomy, and metabolism. The number of animals, the dose of the drug, and the duration of the experiment are also critical limiting factors. Therefore, practical needs exist for establishing new predictive toxicology methods. Toxicogenomic or in silico technologies are currently popular as fast and cost-efficient alternatives or supplements to bioassays for the identification of toxic effects at an early stage of drug development (Helma, 2005; Storck et al., 2002; Suter et al., 2004) .
Tetracyclines are a well-known family of antibiotics that are active against a wide range of gram-positive and gram-negative bacteria. In addition, anti-inflammatory properties of tetracycline, which are independent of its antibacterial activity, have been described (Gabler et al., 1992) . Tetracycline induces microvesicular steatosis in the liver, which is severe and even fatal in some vulnerable patients (Bhagavan et al., 1982; Westphal et al., 1994) . Although formerly considered a benign and fully reversible condition, hepatic fatty infiltration is an important pathogenic factor in the development of many druginduced liver diseases. Tetracyclines down-regulate the expression of PPARs, which are widely used in the well-established Tet-off systems for studying inducible gene expression (Tachibana et al., 2005; Wu et al., 1996) . Freneaux et al. (1988) demonstrated the inhibition of mitochondrial β-oxidation of fatty acids by tetracycline in mice. Similarly, Amacher and Martin (1997) showed that the canine hepatocyte is susceptible to tetracycline-induced steatosis, when triglyceride accumulation was concomitant with the inhibition of mitochondrial lipid metabolism.
Large-scale gene expression analysis provides a logical approach to studying the detailed mechanisms of chemical-induced organ toxicity as well as to identifying potential biomarkers of toxicity. To identify global gene expression changes that are associated with hepatotoxicity, and to better understand the molecular mechanisms underlying tetracycline-induced steatosis, we investigated the effects of tetracycline on gene expression in mouse liver across multiple doses and time points, with special emphasis on genes associated with lipid metabolism.
MATERIALS AND METHODS

Animal treatments
Specific pathogen-free male ICR mice (20-25 g) were obtained from Jung-Ang Laboratory Animal Co. (Seoul, Korea) and allowed free access to standard chow and tap water. They were kept in temperature-controlled and filter-sterilized animal quarters under a 12-h light:12-h dark cycle. The use of animals was in compliance with the guidelines established by the Animal Care Committee of this institute. A total of 27 mice (9 per group) was given a single oral dose of either 0.1 g/kg (low-dose group, L), 1 g/kg (high-dose group, H), or distilled water (control group, C) and three from each group were subsequently killed at 6 (C6, L6, and H6), 24 (C24, L24, and H24), or 72 h (C72, L72, and H72). The dose was selected by preliminary experiments that induce mild hepatic steatosis at 24 h. A cross section of the left lateral lobe of the liver was collected in 10% neutral buffered formalin for histopathology. The remaining liver tissue was collected in RNase-free tubes and snap-frozen in liquid nitrogen. Frozen tissues were stored at −70°C until processed for RNA extraction.
Clinical chemistry and histological analysis
Serum samples were prepared from blood withdrawn by heart puncture, using standard methods. Serum levels of alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine (CREA), total bilirubin (T-BIL), triglyceride (TG), and albumin (ALB) were monitored by standard clinical chemistry assays on an Automated Chemistry Analyzer (Prestige 24I; Tokyo Boeki Medical System, Tokyo, Japan). Liver tissues collected in formalin were dehydrated, embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin (H&E). Histopathologic examinations of the liver sections were conducted by a pathologist and were peerreviewed.
RNA isolation
Total RNA was extracted using an Easy-Blue™ total RNA extraction kit (Intron Biotech, Sungnam, Korea), purified using Qiagen RNeasy® Mini Kits (Qiagen, Basel, Switzerland), and examined for integrity using an Agilent 2100 Bioanalyzer (Ambion, Austin, TX).
Microarray analysis of differential gene expression
Applied Biosystems (Foster City, CA) Mouse Genome Survey Microarrays were used to analyze differential gene expression profiles. These arrays contain 32,996 probes that cover 44,498 individual transcripts and target a complete, annotated, and fully curated set of 32,381 mouse genes from the public and Celera databases. RNA extracted from the livers of three mice was analyzed for each time point (6, 24, and 72 h) and for each treatment. Digoxigenin-UTP labeled cRNA was generated and linearly amplified from 2 μg of total RNA using an Applied Biosystems Chemiluminescent RT-IVT Labeling Kit v 2.0. Array hybridization, chemiluminescence detection, image acquisition, and analysis were performed using an Applied Biosystems Chemiluminescence Detection Kit and an Applied Biosystems 1700 Chemiluminescent Microarray Analyzer, following the manufacturer's protocol. Briefly, each microarray was first prehybridized at 55°C for 1 h in hybridization buffer with blocking reagent. Ten micrograms of labeled cRNA targets were incubated with fragmentation buffer at 60°C for 30 min, and hybridized to each microarray in a 0.5 ml volume at 55°C for 16 h.
Images were auto-gridded and spots were spatially normalized. Chemiluminescent signals were quantified, corrected for background, and the final images and feature data were processed using the Applied Biosystems 1700 Chemiluminescent Microarray Analyzer v1.1.
Data analysis
The quality of hybridization and overall chip performance were monitored by visual inspection of both internal quality control checks and the raw scanned data. Assaynormalized signals with quality flags lower than 100 were used for the analysis. Filtered values were imputed by a KNN imputation algorithm (Troyanskaya et al., 2001) , transformed by the variance stabilizing normalization method (Huber et al., 2002) , and normalized by quantile-normalization across the arrays (Bolstad et al., 2003) .
The overall flow of data analysis is illustrated in Fig. 1 . Two-way analysis of variance groups. The three groups were then classified into with-and without-interaction groups according to the significance of the interaction terms under saturated linear models.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was prepared using the Easy-Blue TM Total RNA Extraction Kit (Intron Biotech, Korea) and single-strand cDNA was synthesized from the RNA in a reaction mixture containing random hexamers and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Gene-specific primers designed using Oligo 6.0 software (Molecular Biology Insights, Cascade, CO) were used ( 
RESULTS
Clinical chemistry and histological endpoints
Treatment of ICR mice with 0.1 or 1 g/kg tetracycline did not change the level of plasma ALT activity in any of the animals ( Fig. 2A) . In the histological analysis, no biologically significant liver damage was observed at 6 h or at 72 h after treatment (data not shown). However, high-dose tetracycline at 24 h caused histological lesions including microvesicular steatosis, which is characterized by the presence of numerous small vesicles of fat that do not displace the nucleus (Fig. 2B ). Other serum biomarkers tested in this study were not changed significantly by the drug treatment indicating that the treatment condition used in this study did not induce any serious lesions. Adjustment of the data by the Benjamini-Hochberg multiple testing correction (Benjamini and Hochberg, 1995) reduced the number of affected genes to 298
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(Supplementary Data 2), and the expression of a total 96 genes was found to be changed by more than twofold (up or down) by at least one treatment condition.
Functional categorization of the genes using the PANTHER database for ontology is presented in Table 2 . Genes without clear annotations, such as expressed sequence tags, were excluded from the table.
Expression of genes in lipid metabolism
We next investigated the expression of genes known to be involved in lipid metabolism.
The whole data set obtained from each treatment group was analyzed by two-sample Student's t-test against that from the corresponding vehicle control group. In general, genes were more likely to be induced than repressed by tetracycline treatment. The greatest number of changes in gene expression occurred at 24 h, when signals from 2,429 genes in the high-dose (H24) group and 1,009 genes in the low-dose (L24) group were changed. Protein tyrosine phosphatase receptor type C and the RIKEN cDNA 8430438D04 were up-regulated at all three time points. Lipid metabolism-related genes were present in the high-and low-dose gene groups (141 and 62, respectively; Tables 3 and 4). As shown in Fig. 4 , the overall net effects of altered gene expression associated with lipid metabolism were to increase cholesterol and triglyceride biosynthesis and to decrease β-oxidation of fatty acid.
Validation of Microarray Data
Microarray results were confirmed for a subset of genes using qRT-PCR. In general the results obtained from microarray experiments correlated well with qRT-PCR. For simple validation, 12 genes were verified by qRT-PCR, all of which displayed expression patterns comparable with the microarray data ( Table 5 ). Because the steatosis was induced only in H24 group and was apparently reversed between 24 and 72 h, we analyzed the data by Tukey's post-hoc test to find the genes that were upregulated in H24 and down-regulated in H72. There was good agreement in the magnitude of the fold-change when comparing microarray and qRT-PCR data, except for Myt1L that showed discrepancy between the two methods. These genes represent steatosis-associated injury and recovery specific genes.
DISCUSSION
Tetracycline is a widely used broad-spectrum antibiotic that is known to induce microvesicular steatosis in the liver. Although the hepatotoxic effect of tetracycline is evident, and is severe and even fatal in some vulnerable patients, a systematic approach to identifying a toxicity mechanism has not yet been applied. In the present study, we investigated the temporal and dose-dependent effects of acute tetracycline on hepatic gene expression, using high-density oligonucleotide microarrays, with special emphasis on the genes associated with lipid metabolism. The goals of this study were (i) to investigate the effects of tetracycline on global gene expression, in order to develop biomarkers and (ii) to identify genes that are involved in the steatogenic action of tetracycline, in order to elucidate its mode of toxicity.
Tetracycline-induced global gene expression changes
Accumulating evidence has demonstrated that microarray technology for global gene expression profiling is a powerful tool in toxicological research, especially in the field of predictive toxicogenomics. A critical hypothesis in this research area is that the resulting transcript profile can provide both reliable advance information on possible toxic outcomes and mechanistic insight into the toxicity itself. To use short-term toxicogenomic data in predicting results of longer-duration studies, a database of compounds with known chronic toxicity must be developed. Although many technical problems limit the usefulness of the concept at present, pattern recognition experiments may hold considerable promise (Hamadeh et al., 2002) . For this purpose, the Korean Toxicogenomic Research Consortium has embarked on a project to construct a toxicogenomic database of known hepatotoxicants, including tetracycline as a steatogenic drug.
When the microarray data from our nine experimental groups were analyzed statistically using two-way ANOVA, about 15% (4,934 of 32,381) of the genes were significantly affected by tetracycline-a relatively large subset. To determine the dominant factor influencing the gene expression pattern, we next classified and adjusted the data using gene tree analysis, a saturated linear model, and the Benjamini-Hochberg multiple testing correction. When thousands of hypotheses are tested simultaneously, the chance of detecting false positives increases, and multiple testing methods should be applied to assess the statistical significance of findings. To control for the false discovery rate (FDR), defined as the expected proportion of false positives among the genes with significant expression changes, we applied the Benjamini-Hochberg multiple testing correction method. In the present study, the estimated number of false positives was presumed to be about 15 out of 298 genes (FDR < 0.05). The combined results of the three methods of analysis indicate unequivocally that the effect of time on differential gene expression is more significant than that of dose in tetracycline-induced gene expression.
Tetracycline-induced changes in lipid metabolism
The typical phenotypic change induced by tetracycline is fatty liver. We analyzed data from each treatment group against the corresponding vehicle control. Only at 24 h was the number of genes induced or suppressed directly proportional to the tetracycline dose. At that time point, of 1,009 and 2,429 genes that were changed by more than 1.5-fold in the low-and high-dose groups, respectively, 62 and 141 genes were involved in lipid metabolism, including mitochondrial and peroxisomal β-oxidation of free fatty acid, triglyceride synthesis, and cholesterol synthesis.
Mechanisms so far reported by which tetracycline induces steatosis include the inhibition both of β-oxidation of free fatty acids and of lipoprotein secretion from the liver (Freneaux et al., 1988; Letteron et al., 2003) . However, the effect of tetracycline on triglyceride and cholesterol synthesis is not known. We observed altered patterns of expression for genes involved in these synthetic pathways. Glycerol-3-phosphate dehydrogenase (Gpd2) catalyzes the reduction of dihydroxyacetone phosphate to glycerol-3-phosphate, which is in turn acylated by glycerol-3-phosphate-acyltransferase and acylglycerol-phosphate-acyltransferase (Agpat2) to give phosphatidic acid.
Phosphatidic acid is hydrolyzed to diacylglycerol and the third acyl group is introduced by diacylglycerol acyltransferase (Dgat2) to form a triglyceride. The reaction partner in all acylation reactions, fatty acyl-CoA, is synthesized by acyl-CoA synthase (Acsl1). In the current study we found significant increases in expression of many genes implicated in triglyceride synthesis (Gpd2, Agpat2, and Acsl1). A change in Dgat2 expression was also statistically significant, but reflected an increase of only 27%. As a result of these changes in expression, serum triglyceride concentrations in tetracyclinetreated mice were increased significantly. Studies have demonstrated that a significant increase in acylglycerol-phosphate-acyltransferase activity by overexpression of the Agpat1 gene (Ruan et al., 2001 ) increases triglyceride synthesis, and a decrease in Agpat1 activity by mutation (Gangar et al., 2002) in adipocytes leads to decreased production of triglycerides. Thus, up-regulation of genes involved in triglyceride synthesis is a response that can lead to tetracycline-induced fat accumulation in the liver (Fig. 4A ).
Cholesterol synthesis occurs in four phases: the synthesis of mevalonic acid from acetate, the conversion of mevalonic acid into isoprene units, the polymerization of isoprene units to squalene, and further processing to cholesterol. We found that tetracycline affects several genes in each steps of the cholesterol biosynthetic pathway.
They include Hmgcs1 for the synthesis of HMG-CoA, Mvk for the phosphorylation of mevalonic acid and Fdft1 for the formation of farnesyl-diphosphate.
Sqle, encoding an enzyme adding one oxygen atom to the end of the squalene chain, is regulated by the cholesterol pool in the body. Cholesterol feeding reduced hepatic
Sqle activity to inhibit synthesis of redundant cholesterol (Satoh et al., 1990) . Similarly, a specific inhibitor of Sqle suppressed the secretion of cholesterol (Horie et al., 1993) .
Cell and animal models with decreased expression of Dhcr24 (24-dehydrocholesterol reductase) exhibit decreased cholesterol synthesis, and mutations in the Dhcr24 gene cause a cholesterol biosynthesis disorder (Waterham et al., 2001) . In mice with a targeted disruption of Dhcr24, plasma and tissues contain almost no cholesterol, and desmosterol was shown to account for 99% of total sterols (Wechsler et al., 2003) .
Thus, tetracycline induction of Hmgcs1, Mvk, Idi1, Fdft1, Sqle, and Dhcr24 would facilitate increased hepatic cholesterol synthesis and a resultant fatty liver (Fig. 4B ).
Mitochondrial β-oxidation is a major process in fatty acid degradation. Although the first step is the conversion of fatty acid into fatty acyl-CoA by acyl-CoA synthase (Acsl1), the rate-limiting step is the transport of fatty acyl-CoA through the mitochondrial membrane via fatty acyl-carnitine, catalyzed by carnitine acyltransferase (Crat). Tetracycline downregulated the expression of Crat1 and of 2,4-dienoyl-CoA reductase 1 (Decr1) and dodecenoyl-CoA delta isomerase (Dci), which play pivotal roles in mitochondrial β-oxidation (Fig. 4C) . Similarly, many other chemicals that induce fatty liver have also been reported to influence fatty acid metabolism (Richards et al., 2004; Guruge et al., 2006) . Lipid catabolism is also mediated via microsomal ω-oxidation catalyzed by the
Cyp4f family of enzymes (Le Quere et al., 2004; Sanders et al., 2005). Up-regulation of
Cyp4f14 and Cyp4f18 by tetracycline in our study suggests that the β-oxidation pathway is inadequate to deal with the lipid accumulation induced by tetracycline, and a greater capacity for ω-oxidation is needed to increase the breakdown of hepatic lipids.
In summary, we documented a global gene expression profile for mouse liver following acute tetracycline treatment, as determined on oligonucleotide microarrays. We found that tetracycline affects gene expression associated with lipid metabolism in a direction to increase triglyceride and cholesterol biosynthesis and decrease β-oxidation of fatty acids. These results contribute not only to produce a database that can be used for prediction of toxicity through pattern recognition, but also to our understanding of the mechanism of tetracycline-induced steatogenic hepatotoxicity.
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